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Controllable gene expression is always a challenge and of great significance to biomedical research and 
clinical applications. Recently, various approaches based on extra- engineered light-sensitive proteins have 
been developed to provide optogenetic actuators for gene expression. Complicated biomedical techniques 
including exogenous genes engineering, transfection, and material delivery are needed. Here we present an 
all-optical method to regulate gene expression in targeted cells. Intrinsic or exogenous genes can be activated 
by a Ca^^ -sensitive transcription factor nuclear factor of activated T cells (NFAT) driven by a short flash of 
femtosecond-laser irradiation. When applied to mesenchymal stem cells, expression of a differentiation 
regulator Osterix can be activated by this method to potentially induce differentiation of them. A 
laser-induced "Ca^^-comb" (LiCCo) by multi-time laser exposure is further developed to enhance gene 
expression efficiency. This noninvasive method hence provides an encouraging advance of gene expression 
regulation, with promising potential of applying in cell biology and stem-cell science. 

Gene expression is essential for all living lives. Regulation of gene expression has been attracting great 
interests for better understanding of cellular processes, cell development, and cell physiology, as well as 
potential application in gene therapy, economical metabolic engineering and biopharmaceutical pro- 
duction. It has been previously found that specific patterns of cellular calcium oscillation can initiate signaling of 
gene expression^"^. Recently, progresses on optogenetics^"^^, heat- activated promoters^^, and gene/protein modi- 
fication combined with nanoparticles and radio wave^^ have successfully demonstrated controllable expression of 
some genes. However, all those methods include at least three complicated phases: 1) gene or protein engineering/ 
modification, 2) introduction of those bioengineered exogenous materials into cells, and 3) activation of those 
materials to express corresponding genes by some chemical or physical stimulation. Cells here play a role of 
"manufacturer" and the "import" of materials makes such methods complicated and invasive to cells. In this 
study, we developed a simple all-optical approach to regulate gene expression in cells by femtosecond laser 
noninvasively. Cells can produce proteins with their intrinsic genes activated by simple laser treatment without 
any "import". 

Femtosecond lasers have been advancing biological researches with significant progresses^^"^^ by their unique 
advantages including high spatial resolution and good biological safety. It has been found that cellular Ca^^ level 
can be modulated by tightly focused femtosecond-laser irradiation^^"^°, where Ca^^ store in endoplasmic reticu- 
lum (ER) and Ca^^ channels in cytoplasm membrane are both involved^ \ Since intracellular Ca^^ plays the role of 
second messenger^^, it is reasonable to design a scheme using femtosecond laser to regulate gene expression by 
taking advantage of a Ca^^- sensitive transcription factor. To this end, parameters of a Ti: Sapphire laser (repe- 
tition rate: 80 MHz, pulse duration: 75 fs) coupled in a confocal microscope (Supplementary Fig. SI a) were 
carefully adjusted to produce appropriate Ca^^ level in the targeted cell as the basic of all following works. As 
shown in Fig. la, a significant Ca^^ rise was excited by 0.3 -s exposure of the focused femtosecond laser with a 
mean power of 40 mW a. It should be noted that high-power and long- duration irradiation of femtosecond laser 
can induce apoptosis (Supplementary Fig. Sib, c, and d). 

Results 

In this study, nuclear factor of activated T cells (NFAT) and its signaling pathway are selected for gene activation. 
We expected that with the stimulation of Ca^^ release induced by femtosecond laser, NFAT can be depho- 
sphorylated by calcineurin. To verify this point, NFAT was genetically labeled with green fluorescent protein 
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Figure 1 | Scheme of all-optical regulation of gene expression method, (a). Typical cellular Ca^^ release after exposure of femtosecond laser at different 
powers (n = 20 cells in each experiment). The power density is around 3X10^ W/cm^ at the mean power of 10 mW. (b). GFP-tagged NFAT migration 
into nucleus after the stimulation of femtosecond laser. Bar: 10 \im. (c). Normalized fluorescence intensity of NFAT-GFP in cytosol and nucleus 
respectively. Significant migration of NFAT appeared at the 12th minute, (d). Proposed mechanism of femtosecond-laser induced gene transcription. The 
femtosecond laser exposure releases Ca^^ store in ER and provides stress to Ca^^ channel in cytoplasm membrane. Subsequently, NFAT is 
dephosphorylated and migrate into nucleus regulated by calcineurin. After the activation of corresponding genes, NFAT then moves out and is 
phosphorylated again. In the activation of gene expression, NFAT may cooperate with other transcriptional partners. 



(GFP) to track its dynamic after laser treatment. It can be found that 
most NFAT distributed in cytoplasm and little in nucleus in normal 
times and translocated into nucleus after femtosecond-laser irra- 
diation as we expected as shown in Fig. 1 b and c (n = 20 cefls in 
this experiment). In around 12 minutes, the translocation stopped 
and then NFAT began to exit from nucleus. Under different laser- 
treatment conditions, the speeds of NFAT translocation are different 



(Supplementary Fig. S2). In following experiments, the optimal para- 
meters of laser irradiation (0.3-s irradiation duration at 40-mW 
power) were adopted, which could induce both efficient NFAT 
migration and good cell viability. As a control, if cellular Ca^^ was 
totally chelated at first, NFAT would not respond to laser treatment. 
The translocation of NFAT remarked the activation of NFAT tran- 
scription pathway to express corresponding genes^^ Hence we pro- 
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Figure 2 | Laser- regulated gene expression in HeLa cells, (a). TNF-a can be detected with or without ionomycin and Ca^^ treatment in HeLa cells as an 
endogenous gene tested by Western Blot. Tubulin: internal control in Western Blot. (b). Immunofluorescence microscopy of TNF-a in HeLa cells. Right: 
Upregulation of TNF-a in the cells with laser treatment (n = 40 cells in each experiment). The expression is more efficient if the laser-exposure duration is 
longer. Error bar: standard error of the mean. (c). Demonstration of NFAT-linked luciferase reporter plasmid that was transfected into HeLa cells, 
(d). Immunofluorescence microscopy of luciferase in HeLa cells. Around 14% cells were transfected with NFAT-luciferase plasmid. If luciferase was 
expressed, there would be bright fluorescence in the cells indicated by yellow arrows. Right: The expression efficiency of luciferase by the optical method is 
close to the transfection efficiency determined by ionomycin and Ca^^ -injection treatment. Error bar: standard error of the mean. Bar: 50 [im. 



pose a reasonable scheme for optical regulation of gene expression as 
in Fig. Id. The femtosecond laser irradiation at first induces signifi- 
cant rise of Ca^^ level, and then NFAT in cytoplasm is dephosphory- 
lated. It can thus migrate into nucleus and activate expression of 
corresponding genes with or without some other transcriptional 
partners. After that, NFAT wifl be phosphorylated again and exits 
back into cytoplasm. In this way, such gene expression can be regu- 
lated optically without any biochemical treatments. 

Here we measured the expression of tumor necrosis factor alpha 
(TNF-a) in HeLa cefls (Fig. 2a), an intrinsic and classic downstream 
gene of NFAT that plays an important role in immune response^^, to 
verify our proposed scheme of laser-regulated gene expression. In 
experiments, HeLa ceUs were selected randomly and exposed for 
0.1 s and 0.3 s respectively to the femtosecond laser. As shown in 
Fig. 2b, significant upregulation of TNF-a can be found in laser- 
treated cefls (n = 20 cefls in each experiment) after 6 -hour incuba- 
tion. The expression of TNF-a in cefls exposed longer is more 
abundant because the NFAT activation can be more effective under 
intense laser stimulation. 

As a proof of principle that this method can also activate exogen- 
ously designed genes, a plasmid with luciferase reporter gene under 
the promoter containing 3 X NFAT binding site was then transfected 
to HeLa cells (Fig. 2c). The transfection efficiency was evaluated by 
global treatment of ionomycin and injection of Ca^^ for all cefls. To 
test if such gene can be activated by our optical method, cefls were 
also randomly selected and treated by femtosecond laser as described 
above (n = 170 cells in this experiment). After 6-hour incubation, 
luciferase expression was found in most transfected cells as shown in 
Fig. 2d. It can be found that the luciferase expression efficiency with 
laser treatment is very close to the transfection efficiency indicating 
most luciferase genes are expressed. This result reveals that exogen- 
ously designed genes can be effectively activated by this optical 
method. 

Considering the universality of NFAT signaling, we show that this 
simple method can be applied to stem cells, which may potentially 
benefit regenerative medicine^^ and treatment of autoimmune dis- 
eases'^. The laser-regulated TNF-a expression was then performed in 
mesenchymal stem cefls (MSCs) from dental pulp tissue of human 



exfoliated deciduous teeth. Simflarly, MSCs were randomly selected 
and directly irradiated by femtosecond laser for activation of TNF-a 
expression. The Ca'^ rise excited in MSCs is a little different with 
HeLa cells (Supplementary Fig. S3). After 3-day incubation, upregu- 
lation of TNF-a could be observed in laser-treated MSCs (n = 120 
cefls in experiments) as shown in Fig. 3a. 

Therefore, it is possible to induce stem-cefl differentiation optic- 
ally if this method can induce the expression of specific differenti- 
ation regulators. In this regard, we tried to use femtosecond laser to 
activate the expression of Osterix (Osx) in MSCs because it is a vital 
transcriptional factor that can induce MSCs to osteoblasts and 
bones'^. The expression of Osx can be activated by NFAT indir- 
ectly'^'^^ or combined with other ways, one of which is mitogen- 
activated protein kinase (MAPK) signaling pathway'°'^°'^^ that can 
be also initiated by Ca'^ release^'. Hence in theory the femtosecond- 
laser irradiation is possible to activate Osx expression. In our experi- 
ments, MSCs were then irradiated simply by the femtosecond laser to 
test this hypothesis. After 3 -day incubation, significant expression of 
Osx in nucleus can be found in laser-treated MSCs as shown in 
Fig. 3b since the expressed Osx accumulated in nucleus which would 
then activate other specific genes as transcription factor to initiate the 
differentiation of MSCs to osteoblast. To further clarify this process, 
the accompanied expression of Runx2, the upstream gene of Osx that 
also regulated by NFAT and/or MAPK^^, was then tested. As shown 
in Fig. 3c, Runx2 could be detected in those laser-treated cefls, indi- 
cating that the expression of Osx was activated by the proposed 
signaling pathway^^. 

This method was then furthered to improve the gene expression 
efficiency which can be affected by Ca'^ osciflation in cefls^'^. We 
designed laser induced "Ca'^-comb" (Licco) in cefls by treating them 
with multi-time femtosecond-laser irradiation to stimulate Ca'^ 
spikes. Each time after optical stimulation, Ca'^ was released from 
Ca'^ store at first and then slowly taken up by cefls again untfl next 
stimulation. In this way, the "Licco" can mimic cellular Ca'^ oscfl- 
lation (Supplementary Fig. S4) in cefls. There are two critical factors 
to design Licco. First, the interval between two laser exposures should 
be longer than the duration of Ca'^ spike. To induce high-level but 
short- duration Ca'^ spikes, the exposure duration was then tuned to 
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Figure 3 | Laser- regulated gene expression in MSCs. (a). Immunofluorescence microscopy of TNF-a in MSCs. Right: Upregulation ratio of TNF-a in 
MSCs with laser treatment, (b). Immunofluorescence microscopy of Osx in MSCs. The intense fluorescence in nucleus indicates the expression of Osx 
since Osx accumulates in nucleus as a transcription factor. Right: Significant upregulation of Osx in laser-treated cells, (c). Immunofluorescence 
microscopy of Runx2 in MSCs. The intense fluorescence in nucleus indicates the expression of Runx2. Right: Signiflcant upregulation of Runx2 in laser- 
treated cells. Error bar: standard error of the mean. Bar: 50 [im. 



be 0.15 s with 35-mW power. Second, the times of laser exposure 
should not exceed the safety condition, which was found in our 
experiments that most cells (>95% in 30 cells) would keep good 
membrane integrity after as more as 10-time laser exposure (each 
for 0.15 s). Here a 6-spike Licco was performed in MSCs as shown in 
Fig. 4a. The fluorescence intensity decreased along each spike 
because the cell did not rest enough after each exposure to generate 
resembling Ca^^ release and the fluorescence emission efficiency of 
fluorophores as well as their re -combination with Ca^^ was also 
decreasing. This Licco method was then used to enhance gene 
expression in MSCs as shown in Fig. 4b (n = 90 cells in each experi- 
ment). The gene expression efficiency was improved, probably 
because the activation of the gene transcription mediated by laser- 
induced Ca^^ was enhanced. 

Discussion 

Different from optogenetics, this all-optical approach reported here 
provides a quite simple method to regulate gene expression non- 
invasively without any biochemical materials. Endo- and exogenous 
genes can be activated by short-time femtosecond-laser irradiation. 
The stress induced by this optical treatment to cells, which was 
usually thought to bring photodamage, is found to play a role of 
activating specific signaling pathways and finally expression of cor- 
responding genes. Therefore, we do not need to introduce any 
specially designed materials or modification to cells for gene 
expression. In this regard, femtosecond laser is very promising to 
induce stem-cell differentiation by regulating corresponding differ- 
entiation regulators. 

It is interesting that cells can express proteins under the simple 
stimulation. This means the molecular dynamics can be quite com- 
plicated when cells suffer stressors particularly physical damage like 



femtosecond-laser induced membrane perforation. Some important 
signaling proteins or transcription factors may be activated. 
Potentially some unknown stimulation or stress might induce cell 
reprogramming into pluripotent state by activating some unknown 
signaling pathways. Hence it is very attractive to further researches 
on molecular behaviors of cells under optical stimulation, which is 
more controllable and clean. 

In conclusion, our results present an all-optical method for regu- 
lation of gene expression. The femtosecond laser here plays a role of 
initiation of gene transcription by activating the Ca^^ -sensitive tran- 
scription factor NEAT. In this way, both endogenous and extra- 
engineered genes can be activated by this simple method. It is 
encouraging that all -optically induced stem- cell differentiation can 
be thus potentially achieved since the expression of differentiation 
regulator Osx in MSCs can be regulated by this method. To be more 
efficient, the Licco method is developed to improve the efficiency of 
gene expression. Therefore, this noninvasive method is quite simple 
and noninvasive, which can be applied in the researches of gene 
expression, stem-cell differentiation, and immune responses. 

Methods 

Cell culture. HeLa cells were grown in Dulbecco's modified Eagle's medium 
supplemented with 10% FBS, 2 mM L-glutamine, and 1% (v/v) penicillin/ 
streptomycin at 37°C with 5% CO2. Mesenchymal stem cells were isolated from 
dental pulp tissue of human exfoliated deciduous teeth after informed parental 
consent was obtained. The use of exfoliated human deciduous teeth was performed 
with the permission of the Ethical Committee of Tianjin Medical University. In brief, 
single cells were obtained by passing the cells through a 70 |j,m strainer after digisted 
the pulp tissue in 3 mg/ml collagenase type I and 4 mg/ml dispase for 45 minat37°C. 
In this study, stem cells were cultured in alpha modified Eagle's medium 
supplemented with 10% FBS, 2 mM L-glutamine, and 1% (v/v) penicillin/ 
streptomycin at 37°C with 5% CO2 and at 3-5 passages. 

In experiments, cells were seeded in 35 mm petri dishes with a 0.17-mm glass slide 
(Nest) for confocal microscopy. In all laser-treated experiments, petri dishes (ibidi) 
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Figure 4 | Licco method can enhance the efficiency of gene expression. 

(a). Ca^^ spikes by Licco method. The frequency of Licco can be 
determined by the interval between two laser exposures and the duration of 
each Ca^^ spike. Red arrow: laser-exposure event, (b). Enhanced gene 
expression by Licco method with 6 spikes (n = 25 cells in each 
experiment). The femtosecond laser was working at 35 mW and each time 
the exposure duration is 0.15 s. Error bar: standard error of the mean. 

with grid (numeric coordinates) on the bottom glass slides (0.17 mm thick) were used 
to localize the cells with laser irradiation. 

Ethics statement. The experiments were carried out in accordance with the approved 
guidelines issued by the university and ethical committee. All biological materials and 
experiments were approved by the Ethical Committee of Nankai University, Tianjin 
University, and Tianjin Medical University. 

Transfection. NFAT-GFP plasmid was supplied by Dr. Kazunori Kanemaru from 
University of Tokyo described as the reference^^. The luciferase reporter plasmid, 
pNFAT-luc, was constructed with the 3xNFAT binding sequences derived from the 
IFN-gamma promoter^^. NFAT-GFP and NFAT- Luciferase plasmids were 
transfected with a final concentration of 4 ~ 5 |ig/mL by polyethylenimine (PEI) 
(1 mg/mL). Required amount of plasmid was dissolved in 100 X Dulbecco's Modified 
Eagle Medium (DMEM), and then PEI was added in a volume to achieve PEI/DNA 
ratio at 5/1. The PEI-plasmid mixture was incubated at room temperature for 10 
minutes and then added to cell culture medium drop by drop. After 24 h, experiments 
were performed with those transfected cells. 

Materials and confocal microscopy. Fluo-4/AM and JC-1 was purchased from 
Invitrogen (Life Technology) for Ca^"^ labeling. The fluorophore staining procedures 
followed the protocol provided by the supplier. During confocal microscopy, green 
fluorescence was excited by a laser diode at 473 nm at 0.1 mW. To minimize the 
photo-toxicity, confocal scanning was performed every 10 s to get one frame of 
image. 

Optical setup and laser treatment. The Ti: Sapphire laser (pumped by Millenia V, 
Spectra Physics) was coupled into a confocal microscope (FV1000/IX81, Olympus) 
and focused by an objective (60 X, water-immersed, N.A. = 1.2). The diameter of the 
laser focus is around 1 [im. The optical diagram and details are shown in 
Supplementary Fig. SI a. The output power of the femtosecond laser was attenuated to 
around 40 mW measured at specimen. The laser beam was at first blocked by a 
mechanical shutter. When a cell was selected, it would be moved to the position where 
the laser focus could stimulate the ER area of that cell by tuning the microscope stage. 
After that, the shutter would be open for laser treatment to the cell. 

Immunofluorescence and Western blot. Immunofluorescence of TNF-a, 
Luciferase, Osx and Runx2 was performed in HeLa and MS cells respectively with or 
without laser treatment. For TNF-a, cells were treated with Brefeldin A Solution 



(BioLegend, CA), fixed with 4% paraformaldehyde, and permeabilized with 0.5% 
Triton X- 100. Immunofluorescence microscopy was then performed with FITC anti- 
human TNF-a mouse antibody (BioLegend, CA) by its standard protocol. To verify 
this method, another group of antibody (Supplementary Fig. S5), Anti-Human TNF- 
a (RABBIT) Antibody and Anti-RABBIT IgG (H&L) (GOAT) Antibody DyLight™ 
488 Conjugated (Rockland) was also used. There would be no fluorescence if the first 
antibody was missing. 

For luciferase, anti-firefly Luciferase rabbit antibody (Abeam, HK) and 
DyLightTM 488 conjugated anti-rabbit antibody (Rockland, PA) was used with the 
corresponding protocol. For RunX2, anti-RunX2 mouse antibody (Abeam, HK) and 
DyLight® 488 goat polyclonal secondary antibody to mouse IgG-H&L (Abeam, HK) 
was used following the protocol from the supplier. For Osx, anti-Sp7/Osterix rabbit 
antibody (Abeam, HK) and DyLight® 488 goat anti-rabbit IgG secondary antibody 
(Abeam, HK) was used following the protocol from the supplier. 

HeLa cells were washed, lysed, and incubated in ice. The protein was then extracted 
by centrifuging. The antibody Anti-Human TNF-a (Rabbit) antibody (Rockland, PA) 
was used for Western Blot. 

Statistics. As TNF-a is an intrinsic gene of HeLa and MS cells, there existed a 
background expression in cells as in Fig. 2b. After laser stimulation, there would be an 
upregulation of TNF-a expression. Hence in this study, the epxression level of TNF-a 
was determined by the average fluorescence intensity of immunofluorescence of each 
cell at the same condition of immunofluorescence and confocal microscopy. This 
method was verified by comparing immunofluorescence with western blot of the 
control and ionomycin-treated cells. 

The expression of luciferase in cells with NFAT-Lucif erase plasmid transfected 
could be indicated by significant fluorescence by immunofluorescence of luciferase as 
in Fig. If (because this gene is not intrinsic gene of HeLa cells, there was no back- 
ground expression). The cells with luciferase expressed could be then selected to 
caculate expression efficiency. In laser-treated cells, the efficiency was defined as the 
cells with luciferase expressed divided by all the laser-treated cells. 

Similarly, cells with Osx or Runx2 expressed would exhibit significantly intense 
fluorescence in their nuclei as shown in Fig. 2 b and c. The expression efficiency was 
then defined as the cells with Osx/Runx2 expressed in nuclues divided by the number 
of all cells with laser treatment. 
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